Cell culture work has identified the tumor suppressor p53 as a component of the S-phase checkpoint control system, while in vivo studies of this role of p53 in whole-vertebrate systems were limited. Here, we describe zebrafish mutants in the DNA polymerase delta catalytic subunit 1, based on the positional cloning of the flathead (fla) gene. fla mutants display specific defects in late proliferative zones, such as eyes, brain and cartilaginous elements of the visceral head skeleton, where cells display compromised DNA replication, followed by apoptosis, and partial or complete loss of affected tissues. Antisense-mediated knockdown of p53 in fla mutants leads to a striking rescue of all phenotypic traits, including completion of replication, survival of cells, and normal differentiation and tissue formation. This indicates that under replicationcompromised conditions, the p53 branch of the S-phase checkpoint is responsible for eliminating stalled cells that, given more time, would have otherwise finished their normal developmental program.
Introduction
During S phase of every cell cycle, the entire genome must be replicated in an error-free manner. This not only requires DNA-replicating proteins with very high fidelity but also the ability of the cell to check for damage caused by endogenous and environmental forces. To date, 19 different DNA polymerases have been identified. Among the 'classical' polymerases (a, b, g, d, e), Pola, Pold, and Pole are believed to be responsible for the majority of nuclear DNA synthesis, each with specific and unique roles, while Polg largely acts during mitochondrial replication, and Polb during DNA repair (reviewed in Hindges and Hü bscher, 1 and Hü bscher et al. 2 ). The Pold holoenzyme consists of several subunits, the catalytic subunit (Pold1; p125), which is highly conserved among eukaryotes (50-60% between mammals and yeast), and two to four more divergent smaller subunits with structural and regulatory functions. 2 Pold plays a role in both leading and lagging strand synthesis after taking over for Pola in replication initiation, as demonstrated in the in vitro SV40 replication system. 3 Disruptions of Pold1 in various organisms support its proposed role in DNA replication. In fission yeast, temperature-sensitive mutations of Pold lead to cell cycle arrest in S phase. 4 Furthermore, studies with Xenopus egg extracts have shown that disruption of Pold via immunodepletion leads to an accumulation of single-stranded DNA gaps, highlighting Pold's role in lagging strand synthesis, and the inability of Pole to functionally replace Pold. 5 In addition, Pold1 displays 3 0 -5 0 exonuclease activity and can function in DNA repair. 1, 2 The importance of this 3 0 -5 0 exonuclease activity has been highlighted by genetic analyses in mouse, showing that a point mutation specifically disrupting the 3 0 -5 0 exonuclease proofreading activity of Pold1 causes cancer susceptibility. 6, 7 The phenotype of mouse mutants lacking entire Pold1 function, however, has not been reported.
In the event of dysfunctions at the replication fork during S phase, a replication checkpoint is activated. The function of this checkpoint is four-fold. First, it blocks additional origin firing in the event of DNA damage. Second, elongation is slowed to allow for the assembly and function of repair machinery. Third, the structure of the stalled replication forks is maintained to prohibit additional damage to the DNA, and finally, the affected cells are prohibited from undergoing mitosis (for reviews see Nyberg et al. 8 and Bartek et al. 9 ). If replication forks are not repaired and/or stalled for too long, cells either proceed to G2/M arrest 10, 11 or undergo apoptosis by the instructions of the tumor suppressor and transcription factor p53 (reviewed in Haupt et al. 12 ). Phosphorylation, stabilization, and activation of p53 are accomplished at least in part by members of the replication checkpoint, namely the PI3K-like protein kinase ATR (Ataxia telangiectasia mutated (ATM) and Rad3 related) 13, 14 and its substrate checkpoint kinase 1 (Chk1), 15 which have been shown to play a major role during the elimination of cultured cells in response to DNA damage and replication blocks. [16] [17] [18] [19] [20] Studies with Xenopus egg extracts have further demonstrated that immunodepletion of Pold leads to an increase in the phosphorylation of Chk1. 5 Together, this suggests that disruption of Pold might lead to the activation of the replication checkpoint and downstream effectors like p53 via the function of ATR. However, in vivo studies of the interplay of Pold1 and p53 during replication, cell cycle progression, and apoptosis in a whole-vertebrate system had been missing thus far.
Here, we describe combined Pold1 and p53 loss-of-function studies in zebrafish larvae. Large-scale genetic screens led to the isolation of hundreds of zebrafish mutants, providing an excellent resource for traditional forward genetic approaches in studying gene function. 21, 22 Via positional cloning, we identified the flathead (fla) gene, initially defined according to the craniofacial defects of its mutants, 23 as zebrafish Pold1. Most likely due to early compensation by maternally supplied pold1 gene products, zygotic zebrafish pold1 null mutants display rather late phenotypes, characterized by compromised DNA replication and subsequent apoptosis of cells in late proliferative zones, such as the chondrocyte precursors forming the branchial arches. Furthermore, applying morpholino antisense technology, we studied the role of p53 under pold1-deficient conditions, demonstrating that loss of p53 function leads to a rescue of all phenotypic traits of pold1 mutants, including apoptosis and cell differentiation, indicating that in this particular case, the p53 control system might be too 'impatient', and that cells slowed down in replication can give rise to normal tissues when their p53-dependent elimination is blocked.
Results fla mutants are characterized by defects in various tissues derived from late proliferative zones Zebrafish flathead (fla) mutants were originally isolated during the Tuebingen 1996 large-scale ethylnitrosourea (ENU) mutagenesis screen, based on their severe craniofacial defects. 21, 23 Specifically, the cartilage of the neurocranium and of pharyngeal arches 1-3 was reduced, while arches 4-7 were completely absent in fla mutants at 120 hpf (Figure 1g , h). Cartilage of the pharyngeal arches is largely derived from neural crest. 42 However, according to in situ hybridization analyses with dlx2, marking prechondrogenic neural crest cells, 29 there was no difference in the amount of neural crest populating the pharyngeal arches of mutants and wild-type siblings at 36 hpf (data not shown), while at 48 hpf, the number of dlx2-positive cells in the fla mutants was moderately reduced (Figure 1c, d) . Similarly, the endodermal pouches, which play an important role in patterning and survival of the pharyngeal arches, 43 were formed normally in fla mutants, as indicated by the normal staining intensity and pattern of Zn5 immunostainings before 48 hpf (data not shown). However, craniofacial defects became more apparent during the next day of development, when the arch-populating crest cells undergo increased cell proliferation, as revealed by in situ hybridizations for the replication marker pcna (proliferatingcell-nuclear-antigen; see below; Figure 3j ), and by BrdU incorporation analyses (see below; Figure 3k ). Thus, at 72 hpf, expression of sox9, 30 a marker for differentiating neural crest-derived chondrocytes, was particularly compromised in the gill arches (pharyngeal arches 3-7) of fla mutants (Figure 1e, f) , suggesting that cells either fail to specify, or that they have become severely reduced in number due to decreased proliferation and/or enhanced apoptosis. Consistent with the latter notion, fla mutants also showed defects in other tissues known to be highly proliferative during late developmental stages, such as the eyes and the brain, which ; (e, f) 72 hpf, sox9. Arrowheads point to crest cells forming the first two pharyngeal arches, mandibulare and hyoid, arrows to more posterior crest cells forming pharyngeal arches 3-7 (gill arches). Comparison of (e) and (f) reveals that sox9 expression in arches 1 and 2 is reduced in fla mutants, while staining in the gill arches is completely absent. Similarly, sox9 expression in the chondrocytes of the pectoral fin is absent in fla mutants (indicated with asterisks). (g, h) Alcian blue stainings of cartilaginous elements of the head skeleton at 120 hpf. 'ep' indicates the ethmoid plate of the neurocranium; numbers 1-7 indicate the pharyngeal arches (1 ¼ mandibulare; 2 ¼ hyoid; both are jawforming arches; 3-7 ¼ gill/branchial arches). Abbreviations: WT, wild type; h, hours post fertilization (hpf)
were of normal size during the first 40 h of development, but much smaller than in wild-type siblings during later stages of development (see Figure 1a , b for 120 hpf). In contrast, other regions and tissues of fla mutant larvae appeared morphologically normal.
fla mutations disrupt zebrafish pold1 catalytic subunit During the Tuebingen screen, five different alleles of fla were isolated, all of which yield morphologically indistinguishable phenotypes. 23 We genetically mapped one of them, fla ta53c
, to linkage group 3 between markers z8208 and z14228. For finemapping, additional markers were designed, based on genomic sequences in the vicinity of z14228 (Figure 2a ; see also Materials and Methods and Supplementary Data). Ultimately, this led to the identification of Ensembl genomic contig ctg24833.1, which contains four putative open reading frames (ORFs), and which is flanked on either side by a north or a south marker, respectively, each with a distance of approximately 0.05 cM to the fla locus (NP3, NP4; one recombination in 1912 meioses) (Figure 2a) . One of the putative ORFs was predicted to encode Pold1 catalytic subunit, consistent with the phenotype of fla mutants in proliferative zones (see above). 5 0 and 3 0 RACE primers were designed to the putative predicted pold1 transcript sequence. Sequencing of the RACE products revealed that this transcript encodes a protein of 1105 amino-acid residues (GenBank Accession Number AY883095), with 70.9% amino-acid residue identity to both human and mouse Pold1 (calculated by Jotun Hein method, DNAstar software). We determined the genomic structure of pold1 and amplified all 27 coding exons from genomic DNA of homozygous wild-type and mutant larvae for three different alleles, fla ta53c , fla th5b , and fla ty76a . For the fla ta53c allele, we identified a G to A transition in the splice acceptor site preceding coding exon 24 (989-1026), while the fla ty76a allele contains a T to A transversion causing a nonsense mutation in exon 12 (C531*), and the fla th5b allele a nonsense A to T transversion in exon 16 (L696*) (Figure 2b ). C531* results in a truncation of the protein eliminating five of the six polymerase domains, all three conserved C-terminal (CT) domains, and both zinc-finger domains of Pold1, while L696* mutant Pold1 lacks three polymerase domains, all three CT domains, and both zinc-finger domains (Figure 2c ). In order to examine the effects of the aberrant splice acceptor site, we PCR-amplified and sequenced the 3 0 end (corresponding to coding exons 19-27) of pold1 from wild type and mutant cDNA. We detected two isoforms of mutant transcript, resulting from the usage of alternative splice acceptor sites (Figure 2b ). In one case, the splice acceptor preceding exon 25 is used, resulting in an in-frame deletion of exon 24. Exon 24 encodes the first half of the first zinc-finger domain of Pold1. In the second case, the coding AG sequence at the beginning of exon 24 is used as an alternative splice site, producing a frame-shift and a premature termination of the polymerase removing both zinc-finger domains of Pold1. The zinc-finger domains have been suggested to be important for internal stability of the protein. 1 Furthermore, in the case of mouse Pola1 44 and yeast Pold 45 and Pole, 46 these domains have been shown to be required for binding of the catalytic subunits to the B subunits (Cdc1/Pold2) of the holoenzymes. [44] [45] [46] Accordingly, mutational analyses in budding yeast revealed that mutations within the zinc-finger domains of Pold and Pole abolish polymerase function in vivo. 46, 47 In sum, given the importance of the domains lost in the different mutant versions of zebrafish Pold1, together with the indistinguishable phenotypic strengths of the three alleles, we suspect that they all represent pold1 null mutations.
pold1 is restricted to areas with high cell proliferation Given the rather late and restricted defects caused by loss of Pold1 function, we examined pold1 expression by RT-PCR analyses and whole mount in situ hybridization during normal zebrafish development up to 72 hpf. pold1 mRNA could be detected throughout all investigated stages, including earliest stages before midblastula transition (MBT), 48 indicating that it is both maternally and zygotically supplied (data not shown). During cleavage, blastula, gastrula, and early segmentation stages, pold1 transcripts were ubiquitously and uniformly distributed throughout the entire embryo ( Figure 3a ; and data not shown). However, during mid-segmentation stages, pold1 expression started to become restricted. At 24 hpf, expression had largely ceased in the posterior half of the embryo, while it was prominent in the brain, the eye vesicles, and the neural crest (Figure 3b (Figure 3g , h), pold1 expression had become further restricted, and was largely confined to a ventral patch of the retina and the ciliary marginal zone of the eyes, the midbrain-hindbrain boundary, neural crest cells of the branchial arches, the pectoral fin buds, and the endoderm of the gastrointestinal system. This expression pattern was very similar to that of the replication marker pcna, 31 which also showed prominent and restricted expression in the ciliary marginal zone, the midbrain-hindbrain boundary, the tectum, and the neural crest cells of the branchial arches at 57 hpf ( Figure 3j ). Furthermore, it resembled the pattern obtained in BrdU incorporations studies to label proliferating cells at 48 hpf (Figure 3k , l). At 72 hpf, pold1 expression had ceased in most tissues except the digestive organs ( Figure 3i ). In sum, these data indicate that during zebrafish development, pold1 expression is restricted to proliferating cells, outlining proliferative zones during later stages of development, whereas expression is switched off in differentiating cells. accompanied by genotyping of the embryos with genomic DNA extracted from the corresponding trunk and tail region. At 36 hpf, before morphological defects become apparent, fla mutants displayed a subtle, but consistent increase in the fraction of cells with a DNA content higher than 2N (17.570.86%; n ¼ 5) (Figure 4d ), compared to wild-type siblings (14.571.18%; n ¼ 14) (Figure 4c) . The difference is statistically significant (P ¼ 0.0002). Given that at these stages, most cells have initiated terminal differentiation (DNA content ¼ 2N), while only a rather small subset of cells is proliferative (see pcna and pold1 in situ hybridizations and BrdU incorporation studies; Figure 3 ), these results suggest that within this population of proliferating cells, loss of pold1 leads to a slower progression through S phase.
In contrast, no such increase in the relative ratio of cells in S phase was observed in fla mutants at a later stage, when the defects have become morphologically visible. Rather, at 52 hpf, the number of cells with a DNA content higher than 2N in fla mutants (11.370.46%; n ¼ 15; three pools with five embryos each; Figure 4f ) was similar to that of wild-type siblings (13.171.7%; n ¼ 15; Figure 4e ; difference statistically nonsignificant; P ¼ 0.2%). Instead, fla mutants at 52 hpf 
Disruption of Pold1 leads to an upregulation of genes involved in the p53 pathway
Studies in cell culture systems have indicated that the tumor suppressor protein p53 is part of the S-phase checkpoint control systems, eliminating replication-arrested cells by inducing programmed cell death. In order to examine if the p53 pathway is activated in response to disruption of Pold1 function, we examined wild type and fla ta53c mutant single embryos for p53 transcript levels. Quantitative real-time RT-PCR analysis showed that p53 transcript levels were elevated approximately two-fold in mutants (Figure 6a) . Additionally, p53 protein activity appeared to be increased, as indicated by the two-fold increased mRNA levels of the direct p53 target gene p21.
36,49 p21 encodes a CDK inhibitor that mediates DNA damage-induced cell cycle arrest both during G1/S and G2/M transition. 50 In contrast, the reported p53 target gene bax, 39, 51 which is involved in mediating p53-dependent apoptosis via the mitochondrial pathway, 12, 52 showed unaltered mRNA levels in fla mutants (Figure 6a ). These in vivo results support previous data obtained in cell culture studies showing a role of p53 for G2/M arrest after replication blockage, 10, 11 while its role to mediate apoptosis remains elusive. (g, h) , and from pooled heads of five embryos at 52 hpf (e, f). At 52 hpf, mutants (f) and wild-type siblings (e) were distinguished by their morphological phenotype, while at 36 hpf (c, d), and at 50 hpf after injection of p53 MO (g, h), when the morphological defects of mutants are very subtle, the genotype was determined via PCR of the corresponding posterior part of the specimen, as described in Materials and Methods. Numbers show the percentages of cells with DNA contents lower (o) or higher (4) than 2N in the area indicated by bars p53 deficiency rescues both apoptotic and morphological traits of the fla phenotype To investigate whether despite the normal bax mRNA levels in fla mutants, the observed elimination of replication-compromised cells is p53-dependent, we generated pold1-p53 double deficient zebrafish. Previous studies have demonstrated that p53 protein levels can be efficiently decreased and p53-induced apoptosis can be inhibited by the injection of p53 antisense MOs (p53-MO). p53 morphant embryos themselves show no developmental defects (data not shown; Langheinrich et al. 36 ), similar to p53-deficient mice. 53 This is in contrast to p53-deficient Xenopus embryos, which display compromised cell differentiation during early stages of development. [54] [55] [56] Here, p53 is required for proper transforming growth factor beta (TGFb) signaling and mesoderm formation, consistent with a physical interaction of p53 with Smad proteins. 55, 56 The reasons for the different requirements of p53 during early mammalian, fish and amphibian development are unclear, but might be due to the presence of other p53 family members (p63, p73) in mammals and zebrafish, whereas they appear to be absent during early stages of Xenopus development. 56 Two different p53 MOs were injected into clutches of fla ta53c or fla th5b mutant embryos at the one-cell stage. Consistent with a role of p53 as a proapoptotic factor in replicationcompromised cells, we found a significant rescue of apoptosis in fla mutants injected with p53 MOs. Acridine orange stainings revealed that apoptosis rates in all investigated proliferative zones (tectum, midbrain-hindbrain boundary, eye vesicles, craniofacial domain) of p53-deficient fla mutants (Figure 5g , k, o) were indistinguishable from those in wild-type siblings (Figure 5e , i, m) during days 2 and 3 of development, and strongly reduced compared to regular fla mutants ( Figure  5f , j, n) or mutants injected with a 4-mismatch control MO (Figure 5h, l, p) . We also investigated cell proliferation behavior of pold1-deficient cells in the absence of p53, carrying out DNA content-dependent flow cytometric experiments with heads of single genotyped embryos at 50 hpf, as described above. Consistent with the aforementioned results obtained via acridine orange stainings, the ratio of cells with a DNA content smaller than 2N, representing apoptotic cells, was significantly reduced in p53-deficient fla mutants (5.870.37%; n ¼ 6) compared to noninjected fla mutants (18.771.46%) (compare Figure 4h with Figure 4f ; P ¼ 0.002), and was similar to that of wild-type embryos injected with p53 MO (4.670.71%; n ¼ 8) (compare Figure 4h with Figure 4g) . However, the ratio of cells with a DNA-content higher than 2N was not increased accordingly. Rather, it was only Figure 4g ; difference statistically significant; P ¼ 0.008). This suggests that in the absence of p53, replication-compromised fla mutant cells neither die nor irreversibly arrest, but can progress through S phase, possibly with slightly reduced speed.
Such surviving p53-deficient fla mutant cells also appear to be able to finish their normal developmental program, as indicated by the rescue of all morphological traits of fla mutants upon p53 MO injection. Noninjected fla mutants or mutants injected with a four mismatch p53 control MO could easily be detected at 48 hpf by their characteristic small head/ small eyes phenotype, which is even more apparent at 72 hpf (data not shown) and at 120 hpf (Figure 6c ; and data not shown). However, p53 MO-injected clutches displayed no mutant phenotypes at 48 hpf, while at 72 and at 120 hpf, the size of the eyes and the head of p53-deficient fla mutants was much less reduced than in noninjected fla mutants (compare Figure 6d with Figure 6c ). In addition, alcian blue stainings at 120 hpf revealed that the craniofacial cartilage defects of fla mutants were rescued to almost wild-type condition upon loss of p53 activity. Specifically, gill arches 4-7, while absent in noninjected fla mutants at 72 and 120 hpf (Figure 6g, k) , and not fully developed in p53 MO-injected fla mutants at 72 hpf (Figure 6h ), were present at normal sizes and shapes in injected mutants at 120 hpf (Figure 6l ). These regained alcian blue-positive cartilaginous elements mostly consist of postmitotic, differentiated chondrocytes, indicating that in the absence of p53, pold1-deficient cells rescued from apoptosis can undergo terminal differentiation. However, rescued fla mutants were not viable. Although they developed swim bladders and swam normally, they died around 12 dpf, while non-injected fla mutants lived until 8 or 9 dpf. Figure 1 ). At 120 hpf fla mutant injected with p53 MO (l) has regained pharyngeal arches 4-7 absent in regular or control-injected fla mutants (k, m). At 72 hpf, the differentiation of rescued chondrocytes in pharyngeal arches 4-7 of the fla mutant injected with p53 MO (h) is slightly delayed compared to the non-injected wild-type sibling (f) and to the wild-type sibling injected with p53 MO (i)
Discussion
Zygotic Pold1 is essential for proper development of multiple tissues derived from late proliferative zones
Thus far, genetic analyses addressing the in vivo role of DNA Pold1 in higher eukaryotic systems had been limited. Here, we identified zygotic pold1 null mutants in zebrafish, based on the positional cloning of the gene causing the fla phenotype in three independent alleles. 23 During development, pold1 is expressed ubiquitously early, while expression becomes restricted to proliferative zones later (Figure 3) . Consistently, defects of pold1/fla mutants are restricted to tissues derived from these zones, such as eyes, brain, and cartilaginous elements of the head skeleton, all of which are strongly reduced in size. The gill arches are even completely missing, although their progenitor cells were present in normal numbers during earlier stages of development ( Figure 1 ). In FACS analyses determining the DNA content of cells from dissociated zebrafish heads, we found only a subtle accumulation of cells in S phase, suggesting that replication is not completely arrested, but only slowed down (Figure 4) . Later, these cells are eliminated by apoptosis, as indicated by the high numbers of acridine orange-positive cells in proliferative zones of fla mutants ( Figure 5) , and by the accumulation of signals with a DNA content lower than 2N in the FACS studies, while the fraction of cells in S-phase drops (Figure 4) . In sum, these data indicate that zygotic Pold1 is required in multiple proliferative zones of zebrafish larvae to ensure proper DNA replication, and the survival and subsequent differentiation of late proliferating cells.
Maternally supplied Pold1 protein might be sufficient to drive DNA replication during early stages of zebrafish development DNA replication is required during all stages of development. Thus, treatment of blastula stage zebrafish embryos with drugs blocking DNA replication leads to an arrest of early development. 57 Given the essential role of Pold1 during DNA replication revealed in lower eukaryotes (e.g. fission yeast 4 ) and in higher in vivo-like systems (Xenopus egg extracts 5 ), the rather late appearance of defects in zebrafish pold1 zygotic null mutants seems surprising. We can only speculate about possible reasons. There could be a second pold1 gene, resulting from the genome duplication during teleost evolution. 58 However, we thus far failed to identify such a second gene in genomic and EST database searches. Also, functional redundancy with its closest relative Pole seems quite unlikely in light of results obtained via immunodepletions in Xenopus egg extracts, demonstrating that the two polymerases cannot replace each other. 5, 59 In this light, we favor a model in which zygotic Pold1 might be dispensable for early DNA replication because of functional compensation by maternally supplied pold1 gene products. mRNAs and proteins of many so-called house-keeping genes have been shown to be synthesized during oogenesis and deposited in the egg. Indeed, we could detect high levels of pold1 mRNA in zebrafish embryos before the onset of MBT, when zygotic transcription of genes is initiated (4 hpf). 48 However, maternal mRNAs have been shown to be usually degraded during the first 10-15 hpf, 60 whereas the phenotype of fla mutants only becomes apparent during day 2 of development. Accordingly, knocking down both maternal and zygotic pold1 mRNAs with antisense MOs targeting the translational start codon generated phenotypes not much stronger and earlier than those of fla mutants (NP and MH, unpublished observations).
Thus, it appears more likely that it is maternally provided Pold1 protein, rather than maternal pold1 mRNA, that compensates for zygotic Pold1 during early stages of zebrafish development. We do not know how much maternally supplied Pold1 protein is present in early stage zebrafish embryos, since none of several tested antibodies against mammalian Pold1 crossreacted with the zebrafish protein.
However, in amphibian oocytes, DNA polymerases have been shown to be over 100 000-fold enriched compared to somatic cells, and we suspect that the same might be true for zebrafish. Maternal proteins can be much more stable than maternal mRNAs, as for instance revealed for Mcm5, another component of the replication complex, which is detectable in zygotic mcm5 mutants until day 2 of development (Soojin Ryu and Wolfgang Driever, personal communication). A similar slow and gradual loss of maternal Pold1 protein would not only provide an excellent explanation for the late appearance of the fla mutant phenotype but also for the observed normalization of the fla phenotype upon p53 deficiency.
Zygotic Pold1 becomes more dispensable under p53-deficient conditions
Thus far, implications of p53 deficiency on the rescue of apoptosis during vertebrate development have been mainly studied in the context of DNA repair, such as in the case of Polb-deficient mice 61 and of Fancd-morphant zebrafish. 39 In the context of DNA replication stress, similar studies have been largely restricted to cell culture systems. Thus, it was shown that blockage of DNA replication through application of aphidicolin or hydroxyurea in mouse or human fibroblast cultures leads to an increase in p53 protein level and to an Sphase arrest, which is released in p53-deficient fibroblasts. 10 Similarly, S-phase arrest and subsequent apoptosis of mouse ES cells deficient for the protein kinase Cdc7 are accompanied by an increase in p53 mRNA, protein and activity levels, while apoptosis can be repressed upon chemical inactivation of p53. 62 Here, we show that pold1 zebrafish mutants display an increase in p53 transcription and p53 activity (Figure 6 ), while loss of p53 allows completion of replication (Figure 4) , as well as survival ( Figure 5 ) and differentiation of replicationcompromised cells (Figure 6 ). For the same reasons as described above, we think that completion of replication in rescued pold1-p53 double-deficient cells is driven by maternally supplied Pold1 protein. Assuming that in zygotic pold1 mutants, such maternal protein only runs out slowly, p53-dependent apoptosis of replication-compromised cells might occur when maternal Pold1 has dropped below a critical threshold, for instance when not all replication forks initiated pold1-p53 double deficient zebrafish N Plaster et al under the participation of Pola can be directly taken over by Pold. These transiently stalled replication forks, if present for too long, would then lead to the activation of p53 to eliminate the corresponding cells. However, there might still be enough maternal Pold1 present to complete DNA replication in the absence of p53, when cells are given more time. This notion is supported by our findings that in pold1-p53 double-deficient zebrafish, chondrocytes of the rescued gill arches differentiate slightly later than in regular p53 morphants (Figure 6 ). In this light, the p53 branch of the S-phase control checkpoint might be too tight and 'impatient', eliminating cells that would otherwise have caught up. However, pold1-p53 doubledeficient zebrafish are not perfectly rescued; death is just postponed for 3-4 days (compare with Kim et al. 62 ). This could be due to the progressive reappearance of p53; MO-based gene knockdown normally starts to be attenuated after 3 dpf. In addition, it could mean that zygotic Pold1 eventually becomes absolutely essential even under p53-deficient conditions, for instance when maternal protein has been completely lost.
It remains unclear how p53 mediates apoptosis of replication-compromised cells. Interestingly, we found bax mRNA levels to be normal in fla mutant embryos, suggesting that the mitochondrial death pathway is not involved. This is consistent with data obtained in mouse, showing that although DNA damage fails to induce apoptosis in p53-deficient cells, it can do so in cells deficient for Bax or death receptors (reviewed in Rich et al. 63 ) p53 is only one of the effectors of the S-phase checkpoint control system
Cell culture work has identified the kinase ATR as the central component of the S-phase checkpoint control, which upon replication stress activates other proteins in parallel to p53 (see Introduction and Nyberg et al. 8 and Bartek et al. 9 for reviews). We have preliminary data that in contrast to p53 itself, the ATR checkpoint control system in its entirety is required for normal cell cycle progression in replicationcompromised zebrafish cells. Thus, when knocking down zebrafish ATR with antisense MOs, we observed a significant worsening of the fla mutant defects, with a loss of pharyngeal arches 2 and 3 in addition to arches 4-7 absent in regular fla mutants. In contrast, ATR deficiency in wild-type embryos had no visible effects (NP and MH, unpublished data). This suggests that cells of arches 2 and 3 of fla mutants also display (more moderately) compromised replication, but can complete S phase before they are caught by p53, whereas in the absence of ATR, they undergo precocious entry into mitosis, ultimately leading to their elimination. This is in clear opposition to the situation observed in p53/pold1-double deficient animals, in which the absence of p53 appears to allow all replication-compromised cells of arches 2-7 to survive, while the presence of ATR enables them to enter mitosis only after they have finished replication. This implies that in developing zebrafish, other ATR target proteins of the S-phase checkpoint system regulate entry into mitosis, whereas p53 itself is dispensable for this process, in contrast to its reported role in cultured cells. 10 
Craniofacial development under Pold1-compromised conditions
Within the pharyngeal arches, fla mutants display a deletion of arches 4-7, while arches 1-3 develop with rather normal size, which initially had prompted us to believe that fla might be involved in anterior-posterior (AP) patterning of the visceral head skeleton. What might account for these AP effects under replication-compromised conditions? Specification of cartilage-forming cephalic neural crest cells occurs in an AP-wave, with cells from anterior arches differentiating before cells from more posterior arches. 64 In this light, chondrocytes forming arches 1-3 might already have completed their final round of replication before Pold1 levels drop below the critical threshold for p53 activation, whereas chondrocytes forming arches 4-7 are caught by the checkpoint control system and eliminated. Along the same lines, the differential responses among arches 1-3 to ATR deficiency could be explained (see above). In any case, our data suggest that the defects of other craniofacial zebrafish mutants with fla-like phenotypes 23, 65 might be caused by defects in genes involved in DNA replication and/or S-phase checkpoint control.
Materials and Methods
Maintenance and identification of fla ta53c , fla ty76 , and fla th5b Zebrafish were bred and maintained, and embryos were treated using standard conditions. 24 fla ta53c, ty76, th5b mutant lines 25 were obtained from the Tuebingen stock center and were maintained in the Tuebingen background. fla ta53c was outcrossed to the WIK line for genetic mapping. 26 Mutant larvae were identified live at 3-5 days postfertilization (dpf) by their obvious craniofacial morphology and eye size reduction.
Genetic and physical mapping of the fla locus
The fla ta53c mutation was mapped to linkage group 3 via PCR analysis of simple sequence length polymorphism (SSLP) markers (Tuebingen version 4) on mutant (25 larvae) and wild-type (75 larvae) genomic DNA pools. 27 . Genomic sequence from the fla locus was identified by sequence similarity searches of markers previously mapped near z14228 (http:// wwwmap.tuebingen.mpg.de/) against the Ensembl Zv2 genome database (http://www.ensembl.org/). New polymorphic markers were designed from this sequence for fine mapping of single mutant larvae (see Supplementary Data). Contig ctg24833.1 was identified by a sequence similarity search with the marker fi11h05.x1 against the Ensemble genomic database. All PCR fragments were amplified with a 551C annealing temperature using standard protocols.
Cloning of zebrafish pold1 and identification of mutations were carried out as described in Supplementary data.
Tissue labeling procedures
Whole mount in situ hybridization was carried out as previously described. 28 For pold1 in situ probe synthesis, plasmid pCRII-zfpold3' was linearized with NotI and transcribed with SP6 RNA polymerase. In addition, riboprobes of the following cDNAs were used as described: dlx2, 29 sox9, 30 pcna. Whole mount immunostainings were carried out as previously described, 32 using the Vectastain Elite ABC kit (Vector Laboratories), and the primary antibody Zn5 (Zebrafish International Resource Center; University of Oregon, Eugene) at 1 : 500. To visualize craniofacial cartilage, 120 hpf (hours postfertilization) embryos were stained with alcian blue (Sigma) as described. 23 For detection of apoptotic cells, TUNEL (terminal desoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling) stainings were performed using the In Situ Cell Death Detection Kit (Roche), essentially as described by Cole and Ross. 33 Acridine orange stainings of apoptotic cells were performed as previously described. 34 For labeling of proliferating cells via incorporation of 5-Bromo-2 0 -deoxyuridine (BrdU), BrdU was delivered by incubating live zebrafish embryos for 30 min in BrdU solution (10 mM BrdU; 15% DMSO in E3 medium) on ice, followed by three washes in E3 medium and further incubation for 1 h at 28.51C. Afterwards, embryos were fixed in 4% PFA/ PBS for 2 h at room temperature or over night at 41C. After several washes in PBS, 0.1% Tween-20 (PBST), and one brief wash in distilled water, embryos were incubated in acetone at À201C for 10 min. For further permeablization, embryos were digested for 6 min at room temperature in 0.25% trypsin in PBS without Mg 2 þ and Ca 2 þ , and refixed in 4% PFA for 20 min. Embryos were then rinsed three times in 0.1% Tween-20 and two times with 2 N HCl, followed by incubation in 2 N HCl for 1 h. Afterwards, embryos were rinsed three times in PBST and blocked for 10 min in immunostaining blocking solution, 32 followed by subsequent incubation with the primary anti-BrdU antibody (Boehringer 1170376; 1 : 100 in blocking solution) and the secondary AlexaFluor647-conjugated antimouse antibody (Molecular Probes, Eugene, OR, USA; 1 : 200 in blocking solution), using standard conditions.
Morpholino injections
Antisense morpholino oligonucleotides (MOs) were injected at the 1-4 cell stage and at a concentration of 0.1 mM, as previously described. 35 The sequences of used MOs were: AGA ATT GAT TTT GCC GAC CTC CTC T (p53-MO1); GCG CCA TTG CTT TGC AAG AAT TG (p53-MO2 36 ); the mismatch control MO, with mismatched nucleotides denoted in lowercase, was GCa CCA TcG CTT gGC AAG cAT TG (p53-4mm 36 ).
RNA extraction and quantitative real time RT-PCR analysis
Total RNA was isolated from 46 hpf whole wild-type or mutant embryos using 750 ml of Trizol reagent (Gibco/BRL). First strand cDNA synthesis was performed on 2 mg of total RNA using oligo dT primer and Superscript III reverse transcriptase (Invitrogen). Quantitative real time RT-PCR (QRT-PCR) was performed with the SYBR green PCR kit (Applied Biosystems) in a DNA Engine Opticon-Continuous Fluorescence Detection system (MJ Research), using the following primer sets: elongation factor 1a (ef1a) 37 (control): sense, TCA CCC TGG GAG TGA AAC AGC; antisense, ACT TGC AGG CGA TGT CAG CAG; p53: 38 sense, GCG ATG AGG AGA TCT TTA CCC; antisense, ACA AAG GTC CCA GTG GAG TG; p21: 39, 40 sense, AGC TGC ATT CGT CTC GTA GC; antisense, TGA GAA CTT ACT GGC AGC TTC A; bax: 39, 40 sense, GCA GTG GCA ATG ACC AGA TA; antisense, GGA AAA CTC CGA CTG TCT GC. All samples were quantified by the comparative cycle threshold (Ct) method for relative quantification of gene expression, normalized to ef1a. 41 Differences between two groups were analyzed using a one-tailed Student's t-test assuming unequal variances.
Cell dissociation, genotyping, and fluorescenceactivated cell sorting (FACS) analysis
Embryos were anaesthetized with triacine, 24 and heads were cut immediately posterior to the eyes. Genomic DNA was isolated from the posterior part of each embryo, PCR-amplified with exon24 primers giving a 498 bp fragment, and digested overnight with Hpy188I. Digests were run on a 2% agarose gel and scored for their genotype. As the fla ta53c mutation results in the disruption of an Hpy188I site, the digest of wild-type DNA yields bands of 257, 174, and 67 bp, while mutant DNA results in fragments of 324 and 174 bp. The heads of single embryos were incubated at room temperature in 100 ml papain solution (2 mg/ml papain (Sigma), 0.3 mg/ml cysteine (Sigma) in magnesium/calcium-free PBS) for 30 min. An additional 100 ml of papain solution was added to the suspension for 30 min, cells were dissociated by trituration, and kept on ice. Triton X-100 was added to dissociated cells at a final concentration of 0.1%, followed by addition of 4 0 ,6-Diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR; Product number D-3571) at a final concentration of 3 mM. Cells were analyzed on an LSRII flow cytometer (BD Biosciences, San Jose, CA, USA). Data evaluation was carried out using FlowJo (Tree Star, Ashland, OR, USA). To avoid a loss of apoptotic cells by gating onto the forward/sideward scatter population, ungated histograms were used for the measurement of DNA content. To determine the ratio of cells with DNA contents smaller or higher than 2N, the area of the histograms with 10-80% (o2N) or 125-250% (42N) of the peak channel were measured in comparison to the total area. Standard deviations (7) and probabilities associated with Student's t-test (P; Tail 2; Type 3) were calculated using Microsoft Exel software.
